Abstract When animals associate a stimulus with food, they may either direct their response towards the stimulus (sign-tracking) or towards the food (goal-tracking). The direction of the conditioned response of cod was investigated to elucidate how cod read cue signals. Groups of cod were conditioned to associate a blinking light (conditioned stimulus, CS) with a food reward (unconditioned stimulus, US), with the CS and the US located at opposite sides of the tank. Two groups were trained in a delay conditioning procedure (CS = 60 s, interstimulus interval = 30 s) and two groups were trained in a trace conditioning procedure (CS = 12 s, trace interval = 20 s). The response pattern was similar for the delay-and trace-conditioned groups. The initial main response at the onset of the CS was approaching the blinking lights, i.e. sign-tracking. In the early trials, the Wsh did not gather in the feeding area before the arrival of food. In the later trials, the Wsh Wrst approached the blinking lights, but then moved across the tank and gathered below the feeder before the food arrived, i.e. sign-tracking followed by goal-tracking within each trial. These two responses are interpreted as reXecting two learning systems, i.e. one rapid, reXexive response directed at the signal (sign-tracking) and one slower, more Xexible response based on expectations about time and place for arrival of the food (goal-tracking). The ecological signiWcance of these two learning systems in cod is discussed.
Introduction
Interest in the learning capacities of Wsh has increased in recent years, and there is now a large literature on how Wsh can learn to deal with variable ecological challenges in connection with foraging, predator defence, orientation and mating (see Brown et al. 2006 for reviews). Although it is well documented that Wsh can learn to associate stimuli with biologically relevant events (Bull 1928; Overmier and Hollis 1990) , it is less well known how Wsh comprehend such predictive stimuli and which characteristics they actually learn about them. Pavlov (1927) suggested that when an association between a conditioned stimulus (CS) and a rewarding unconditioned stimulus (US) is established, the "CS centre" and the "US centre" in the brain become linked, with the result that an activation of the CS centre leads to activation of the US centre. Hence, the CS is perceived as if it was the US and the CS becomes a substitute for the US. In fact, the conditioned response is often directed towards the CS and resembles the response elicited by the US, a phenomenon known as auto-shaping (Brown and Jenkins 1968) or sign-tracking (Hearst and Jenkins 1974) . Brown and Jenkins (1968) trained pigeons (Columba livia) to associate a key light with access to grain, and in the course of training pigeons started to peck the lighted key even though pecking was not necessary for access to grain. The behaviour directed at the CS may in fact be determined by the characteristics of the US (Jenkins and Moore 1973) . Pigeons pecked the key light with open beaks and closed eyes (eating behaviour) when the US was grain, but with closed beaks and open eyes (drinking behaviour) when the US was water, i.e. they responded to the CS as if it was the US. Similar results have been found in other animals such as rats (Peterson et al. 1972) , cuttleWsh (Purdy et al. 1999; Cole and Adamo 2005) and Wsh (Woodard and Bitterman 1974; Waxman and McCleave 1978) .
Even when the CS and the US are spatially separated the approach response is commonly directed at the CS (signtracking, Hearst and Jenkins 1974; Burns and Domjan 1996; Purdy et al. 1999 ). However, under certain conditions the conditioned response is directed at the US rather than the CS, a behaviour referred to as goal-tracking (Boakes 1977) . In this case, the CS is believed to announce and bring about a cognitive expectation of the forthcoming US, but has no reinforcing properties in itself. The existence of the two diVerent orienting responses to the CS, i.e. stimulus substitution leading to sign-tracking (Hearst and Jenkins 1974) and expectations leading to goal-tracking (Boakes 1977) may be explained by the existence of two distinct learning systems, i.e. an associative system in which conditioned responses are reXexive and unconsciously elicited, and a cognitive system based on explicit expectations (Toates 1998; Lieberman 2000 ; see also Squire 1992; Clark et al. 2002) . Interestingly, with diVerent temporal and/or spatial relationships the same CS and US may produce either sign-tracking or goal-tracking, or a switch from signtracking to goal-tracking within a trial (Brown et al. 1993; Peden et al. 1977; Holland 1980; Silva et al. 1992) . The functional signiWcance of the diVerent learning systems has seldom been addressed. Sign-tracking studies have mainly focused on mammals and birds, and in particular pigeons. Fish have been little studied, and to the best of our knowledge there are no published studies of how Wsh respond during CS presentation when the CS is spatially separated from the site of the US.
In a previous conditioning experiment (Nilsson et al. 2008) , we demonstrated that Atlantic cod (Gadus morhua) could associate a CS (blinking lights) in the feeding area with a food US when the stimuli were temporarily separated for up to 2 min. The cod approached the CS/US area immediately at CS onset. Groups trained with a 60 or 120 s trace interval between the CS oVset and the US onset initially left the area during the trace interval, and returned on the arrival of food. However, in the later part of the experiment the 60 s trace groups remained crowded in the area throughout the trace interval, while the 120 s trace groups never did so. We interpreted the crowding in the CS/US area during the trace interval as reXecting that the Wsh had some expectation of the forthcoming US. If this was the case, Wsh went from a stage where they responded reXexively and implicitly (approaching and leaving the CS) in the Wrst trials to a stage in which they responded according to expectation (stay at the CS waiting for food to arrive). With a 120 s trace interval, they did not seem to reach the expectation stage during the 64 trials of the experiment.
In the present study, we conditioned groups of cod to the same CS and US as in our previous study, but the CS and the US were located on opposite sides of the experimental tank. We used groups rather than individual subjects, as social interactions permitting social learning represent a more usual situation for cod than social isolation (Methven et al. 2003; Anderson et al. 2007) . In order to determine whether the pattern of sign versus goal-tracking diVered when the CS remained on throughout the interstimulus interval as against when there was a time gap between the CS oVset and US onset, we performed one delay and one trace procedure. According to the hypothesis that conditioning involves two response stages (Toates 1998; Lieberman 2000) , i.e. reXex and expectation, the response should be primarily sign-tracking during the Wrst phase of learning, while goal-tracking should dominate in a later phase.
Methods

Experimental set-up
Indoor circular tanks of 3 m diameter and 1 m depth were Wlled with about 70 cm seawater. The water had a temperature of 8.2-8.8°C and O 2 saturation above 90%, and the Xow was 75 l min
¡1
. The illumination period was 24 h with a mean intensity of 1.14 E (approximately 60 Lux) midwater. A 50 cm ring of tubing (US ring) was placed below an automatic feeder at one side of the tank, in order to make the site of food release distinct. On the opposite side of the tank a ring of similar size, containing 40 light bulbs of 2.4 W (light ring, total eVect 96 W) was positioned. A video camera covering the whole tank hung about 2.5 m above the water. The set-up is illustrated in Fig. 1 .
Subject Wsh
The cod were hatched from naturally fertilized eggs from wild-caught broodstock from a mixed population of coastal cod (Dahle et al. 2006) . After hatching in March 2004 the larvae were reared semi-intensively in Xoating bags on natural zooplankton, and were later weaned to dry food. In November the same year the Wsh were transferred to a sea-cage and fed marine dry food. In June 2005, 60 individuals were transferred from the sea-cage to the experimental tanks. For practical reasons, the group were initially divided over two tanks with 30 individuals in each tank. Seven days later the Wsh were assigned to four diVerent groups of 15 individuals each, with seven or eight Wsh from each of the original groups transferred to each of four tanks. The Wsh were then allowed to acclimate for at least 2 days before the experiments started. The light ring was installed but not switched on. After the end of the experiment the Wsh were killed by an overdose of the anaesthetic benzocaine. Benzocaine blocks the signal transmission in all nerves (Ross and Ross 1999) , and the Wsh lost equilibrium and stopped respiration within a minute. In addition to measures of length (38.9 § 2.9 cm) and weight (743.69 § 178.5 g, mean § SD, n = 60), the Wsh were examined for sex and maturity. Forty individuals were females and 20 males, with 4 or 6 males in each tank. All females were immature, while nine males had developing testes. No Wsh were in spawning condition.
Procedure
The CS was a series of light blinks (about 0.8 s on and 2 s oV) from the ring. We have previously shown that light blinks are a neutral stimulus for cod, which is not approached unless it is paired with a reward (Nilsson et al. 2008) . The unconditioned stimulus (US) consisted of 7 mm sinking marine Wsh pellets (Skretting, Europa). The subjects were not fed at other times or with other food types than the US pellets during the experiment. In order to avoid satiation and hence loss of learning motivation, the amount of food given per day was 0.5% of the estimated biomass, or about 2/3 of the satiation ratio, corresponding to an average of 33 pellets per trial. The Wsh were fed at 4-h intervals (intertrial interval = 4 h) throughout the 24-h cycle to avoid that hunger level or other internal factors diVered between trials. Each feeding session lasted 1 min. Two of the groups were trained in a delay procedure, with the duration of the CS being 60 s, of which 30 s overlapped with the US [interstimulus interval (ISI, i.e. the time from onset of the CS to onset of the US) = 30 s]. For the other two groups the CS had a duration of 12 s, and was temporally separated from the US with a 20 s trace interval (ISI = 32 s). In both the procedures the Wsh received a total of 56 trials. Each trial was recorded from 3.5 min before CS onset to 3 min after feeding and stored on DVD for later analysis.
Analysis
The image of the tank on the video screen was divided into four equal 90º sectors, with the feeder and the US ring in the centre of one sector (US sector) and the light ring in the centre of the opposite sector (CS sector, Fig. 1 ). The number of Wsh in the CS and US sectors were recorded on frozen images 1 s before (T ¡1 , the baseline distribution of the Wsh), 10 s after (T 10 ) and 30 s after (T 30 , immediately before food arrival) CS onset in all trials. An individual was considered to be in the sector in which its snout was located. A more detailed analysis was carried out in 12 early trials (trials 10-21) and in 12 late trials (trials 45-56), in order to investigate whether the behaviour of Wsh diVered when they had recently established the association between the CS and the US and when they were more experienced. Here, the number of Wsh in the CS and US sectors was recorded more frequently in order to obtain a higher resolution of the response pattern.
Statistics
A generalized linear model (McCullagh and Nelder 1989) was used to test whether the time from onset of the CS (T ¡1 , T 10 and T 30 ) had an eVect on the number of Wsh in the CS and US sectors. To compensate for overdispersion a quasipoisson distribution was assumed (Myers et al. 2002) . The predictor variable was set as factorial, with N = 36 (3 groups of 12 values) for all tests. All tests were within groups. The level of signiWcance was set at 0.05. In post hoc t tests, T 10 and T 30 were compared with T ¡1 , and hence the Bonferroni corrected level of signiWcance was 0.025.
Results
Delay procedure
When the cod had acquired response to the CS, the immediate reaction to the CS was an approach towards the light ring at CS onset, and the number of Wsh in the CS sector at T 10 was higher than at T ¡1 levels in most trials (Fig. 2) . The number of Wsh in the CS sector was higher at T 10 than at T ¡1 in six subsequent trials (which has a probability of <0.05 occurring randomly and hence indicating learning) from trials 4 and 6 onwards for replicates 1 and 2, respectively. At T 10 , the number of Wsh in the US sector was generally lower than T ¡1 lev- Fig. 1 The experimental tank. Dotted lines indicate the division of the screen image during analysis els throughout the experiment (Fig. 2) . Between T 10 and T 30 , i.e. immediately before food delivery, the number of Wsh fell in the CS sector and rose in the US sector. This was especially clear from around trial 20 onwards (Fig. 3) .
Detailed analysis
Early trials (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) Time from onset of the CS had a signiWcant eVect on the number of Wsh in the CS sector in both the groups [replicate 1: F(2, 33) = 15.085, P < 0.001; replicate 2: F(2, 33) = 6.731, P = 0.0035], and on the number of Wsh in the US section in replicate 1 [F(2, 33) = 5.052, P = 0.012], while there was a trend in replicate 2 [F(2, 33) = 2.602, P = 0.089] (Fig. 4a) . Post hoc t tests revealed that the number of Wsh in the CS sector was higher than T ¡1 levels at T 10 in both the groups, and at T 30 in one group (Table 1) . In replicate 1, the number of Wsh in the US sector was lower than T ¡1 levels at T 10 but not at T 30 (Table 1) .
Late trials (45-56)
There was an eVect of time from onset of the CS on the number of Wsh in the CS sector in replicate 2 [F(2, 33) = 17.725, P < 0.001], with more Wsh at T 10 and fewer Wsh at T 30 than at T ¡1 (Table 1, Fig. 4a) . In replicate 1, there was no signiWcant eVect [F(2, 33) = 2.476, P = 0.10]. However, . Left and right Wgures are replicate groups 1 and 2, respectively. In the latter half of the experiment, the delay replicate 1 group tended to initially gather in the CS sector and then to move within 10 s towards the US sector, and hence the CS and US points intertwine around trial 30 this group left the CS sector within 5 s (see Fig. 4a , low left panel), and when T 10 was replaced with T 5 in the model, there was a highly signiWcant eVect of time from onset of the CS on the number of Wsh in the CS sector [F(2, 33) = 13.765, P < 0.001], with more Wsh in the CS sector at T 5 than at T ¡1 (t = 3.376, P = 0.0019). There was no diVerence between T ¡1 and T 30 (t = ¡1.620, P = 0.11). Time from onset of the CS also had an eVect on the number of Wsh in the US sector [replicate 1: F(2, 33) = 18.764, P < 0.001; replicate 2: F(2, 33) = 41.320, P < 0.001], and opposite to the early trials there were more Wsh at T 30 than at T ¡1 in both the groups (Table 1, Fig. 4a ).
Trace procedure
As in the delay procedure, when the response to the CS had been acquired the immediate reaction to the CS was an approach towards the light ring at CS onset, and the number of Wsh in the CS sector at T 10 was higher and the number of Wsh in the US sector lower than T ¡1 levels in most of the trials of the experiment (Fig. 2) . The number of Wsh in the CS sector was higher at T 10 than at T ¡1 in six subsequent from trials 14 and 15 for replicate 1 and 2, respectively. At T 30 , i.e. shortly before food arrival, the number of Wsh had fallen in the CS sector and risen in the US sector in most trials. As in the delay procedure, this was especially clear in the latter half of the experiment, i.e. from around trial 30 onwards (Fig. 3) .
Detailed analysis
Early trials (10-21)
Time from onset of the CS had an eVect on the number of Wsh in the CS sector [replicate 1: F(2, 33) = 15.303, P < 0.001; replicate 2: F(2, 33) = 4.766, P = 0.015], with more Wsh at T 10 than T ¡1 , while T 30 did not diVer from T ¡1 (Table 1, Fig 4b) . Similarly, time from onset of the CS had an eVect on the number of Wsh in the US sector [replicate 1: F(2, 33) = 11.247, P < 0.001, replicate 2: F(2, 33) = 6.983, P = 0.0030], with fewer Wsh at T 10 than at T ¡1 , while T 30 did not diVer from T ¡1 (Table 1, Fig. 4b ).
Late trials (45-56)
As in the early trials, time from onset of the CS had an eVect on the number of Wsh in the CS sector [replicate 1: F(2, 33) = 115.010, P < 0.001, replicate 2: F(2, 33) = 30.201, P < 0.001], with more Wsh at T 10 than at T ¡1 ,while there were fewer Wsh at T 30 than at T ¡1 (Table 1, Fig. 4b ). Time from onset of the CS also had an eVect on the number of Wsh in the US sector [replicate 1: F(2, 33) = 54.504, P < 0.001, replicate 2: F(2, 33) = 29.928, P < 0.001]. Opposite to the early trials, there were more Wsh in the US sector at T 30 than at T ¡1 (Table 1, Fig. 4b ).
Group behaviour
The behaviour of other Wsh seemed to inXuence whether individuals tracked the CS or the US. Although the main conditioned response in all groups was always an approach to the light ring, individuals occasionally approached the feeding area at CS onset. For replicates 1 and 2 of the delay groups, one to Wve individuals approached the feeding area in the course of the Wrst two light blinks without a preceding approach towards the light ring in 2 and 3 of 12 of the early trials (trial 10-21), and in Wve and four of the late trials (45-56). For the replicates 1 and 2 of the trace groups, individuals initially approached the feeding area in 4 and 1 of the early trials, and 7 and 7 of the late trials. With few exceptions, Wsh that initially approached the feeding area left this area within a few seconds and joined the main group at the light ring. Individuals were also frequently observed to swim back and forth between the CS and the feeding area during the ISI.
Discussion
The delay-conditioned groups displayed a reliable response, i.e. an increase in number of Wsh in the CS sector at CS onset in six subsequent trials, after somewhat fewer trials than the trace-conditioned groups. The main response to the CS early in the experiment was to approach the CS (sign track) at CS onset, regardless of whether the cod were trained in a delay or trace procedure. However, at the end of the experiments in both procedures cod sign-tracked in the earlier part and goal-tracked in the later part of the interstimulus interval, and gathered in the US area prior to the arrival of food. In the delay procedure, in the early trials (10-21) the number of Wsh in the CS sector was signiWcantly higher 30 s after onset of the CS than before CS onset in one group with a similar pattern in the other group (see Fig. 4a, upper panel) , while in the trace groups there was no diVerence. During this interval the CS was on for the delay groups but oV for the trace groups, so that the trace groups had no stimulus to attend to. This may explain why the trace groups left the CS area sooner. The overall response pattern was thus essentially the same in the two Table 1 Results of the post hoc t tests from the general linear model analysis of the eVect of time from CS onset on the number of Wsh in the CS sector and the US sector. Asterisk indicates signiWcance at the Bonferroni corrected level of signiWcance (adjusted = 0.025) procedures, with attention only to the CS early in the experiment to a switch in attention from the CS to the feeding area when the cod were more experienced.
The learning process appeared to involve at least two stages. First, Wsh learned an association between the CS and the US, resulting in a sign-track response according to Pavlov's (1927) stimulus substitution and classical stimulusresponse theory (Lieberman 2000) . This is an implicit, procedural learning process and the response is regarded as reXexive (Lieberman 2000) . However, during the course of the experiment the Wsh learnt where and when the food would be delivered, and eventually gathered below the feeder before food arrival, i.e. they goal-tracked. This behaviour does not Wt with the stimulus substitution hypothesis, but rather with the cognitive learning hypothesis, i.e. the response is based on explicit expectations about the US (Lieberman 2000) . It has been suggested that responses to stimuli are usually guided by a combination of stimulus-response and cognitive processes, and which of these processes dominates the response may change with experience (Toates 1998 (Toates , 2006 . The results of our study support this hypothesis.
In our previous study of associative learning in cod (Nilsson et al. 2008) , we found that with trace intervals of 60 s Wsh left the feeding area (the location of both the CS and the US) during the trace interval early in training. However, in the later training sessions, i.e. after 20-35 trials, the Wsh remained crowded into the feeding area throughout the trace interval, a behaviour that we interpreted as an expectation of the forthcoming food reward. The results of the present study suggest that the approach to the CS/US area in our previous study represented sign-tracking, and crowding during the trace interval goal-tracking.
One might expect that when the cod had learnt the temporal and spatial relationship between the CS and the US, i.e. that the CS predicted that food would soon be delivered at the other side of the tank, they would directly approach the US rather than the CS area at CS onset. Although individual Wsh occasionally did so (see below), most Wsh approached the CS Wrst, and thereafter moved to the US area. There are at least two not mutually exclusive explanations for this. First, reXexive stimulus-response processes and cognitive processes may operate together (Toates 1998) . Stimulus-response processes are faster than cognitive processes (Toates 1998) , and the immediate response at CS onset, namely sign-tracking, may have been dominated by stimulus-response processes, with the slower cognitive processes becoming dominant seconds later. Secondly, after the Wrst occasion of sign-tracking further learning will to some extent be inXuenced by operant learning (Brown and Jenkins 1968) . As behaviour directed at the CS was always followed by the US, subjects may have learnt that approaching the CS was rewarded.
The behaviour of individual cod appeared to be strongly inXuenced by the behaviour of the rest of the group. On some occasions individuals approached the US at CS onset without a preceding approach to the CS. In the majority of such occasions, these goal-tracking individuals left the US area or terminated their approach within a few seconds and joined the main group in the CS area or swam back and forth between the CS and US areas, eventually approaching the US area together with the rest of the group. These observations suggest that at least some individuals are able to dissociate the CS from the US immediately at CS onset. In individually trained rats (Rattus norvegicus), Flagel et al. (2007) found that within the same delay conditioning paradigm, some individuals were sign-trackers while others were goal-trackers. It is possible that, in fact, such individual diVerences were also present in cod, but that individual decisions were overridden by social decisions. Even when an individual made a "correct decision", it may choose a suboptimal behaviour, i.e. approaching the CS, when the rest of the group did so. Social animals such as shoaling Wsh must make trade-oVs between the costs and beneWts of behaving individually or following the group (Pitcher and Parrish 1993) , and the cost of deviant behaviour can be high. Individual decision overridden by social constraints can be released in the absence of "leader" individuals, suggesting that in group situations Wsh may not make use of all the knowledge they have gained (Brown and Laland 2002) . Laland and Williams (1998) demonstrated that in the guppy, Poecilia reticulata, maladaptive information can be acquired through social learning and may inhibit learning of optimal behaviour.
To always approach a CS that is spatially separated from the US, even when expecting the US to arrive elsewhere, may seem maladaptive. However, spatial separation of the cue of a forthcoming food reward and the location of the food reward hardly represents a common situation in nature. Rather, approaching the cue makes responses to cues more rapid, increasing capture success rates. For instance, sign-tracking may be advantageous for cruising predators, such as cod, whose foraging behaviour involves orientation and approach to, and eventually chase of, the prey (Purdy et al. 1999) . Such behaviour can be used by cod hunting for free-swimming Wsh (Steingrund and Fernö 1997) . Here, the Wrst perception of stimuli emitted by the prey may be the cue of the potential "dinner", i.e. "CS", while the capture and ingestion of the prey is the reward or "US". Another situation in which sign-tracking may be beneWcial is foraging on prey that are sheltering under recognizable structures such as stones and vegetation that may be associated with food and act as a CS (Purdy et al. 1999) , as when cod forage on crabs or bottom-dwelling Wsh [see Hollis (1982) for a further discussion of biological advantages of signal-centred response actions].
Although procedural actions directed at the predictive cue, the "CS", have the advantage of being rapid and eVective when the cue-outcome, or "CS-US" relationship, is invariable, they suVer from the disadvantage of low Xexibility. In changing environments, cognitively guided Xexibility in the response to cues may be highly beneWcial (Toates 1995 (Toates , 1998 , in spite of being slower and more costly due to the involvement of specialized processes and brain structures such as the hippocampus (mammals and birds, Eichenbaum et al. 1992) or lateral pallium (teleosts, Broglio et al. 2005 ). This study demonstrates that cod, which forage on a wide range of prey (Nordeide and Fosså 1992; Fjøsne and Gjøsaeter 1996) and may switch between main prey types as prey composition changes (Hanson and Chouinard 2002) , enjoy the rapid sign-track response but also have the ability to produce more Xexible responses, which should facilitate foraging on a variable menu.
